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Abstract
The trend of evidence suggests that general anesthetics act directly on proteins in the neural membrane. However, the fact
that the functions of nicotinic acetylcholine receptor (sodium permeability, desensitization rate) are modulated by the
composition of the membrane in which it is reconstituted has been thought to be a result of the variation of interactions
between acetylcholine receptor and membrane. In this study, protein^lipid interaction at the level of the lipid headgroup was
investigated using electron paramagnetic resonance (EPR) and headgroup spin label. Lipid headgroup mobility was
evaluated with rotational correlation time from the EPR spectrum. Protein^lipid interaction at headgroup depth was
demonstrated from the motionally restricted component of the spectrum. Rotational correlation time increased to 13 ns from
7 ns due to protein^lipid interaction. The effect of anesthetic (ethanol, 1-hexanol, and isoflurane) on protein^lipid interaction
was investigated, and the correlation time was 13 ns. It is concluded that the anesthetics used in this study did not alter
protein^lipid interaction at the level of the lipid headgroup, so far as observed by rotational correlation time, without
excluding the possibility that anesthetics that perturb protein^lipid interactions modulate receptor functions via this
mechanism. ß 2000 Elsevier Science B.V. All rights reserved.
Keywords: Nicotinic acetylcholine receptor; Reconstitution; Lipid^protein interaction; Electron paramagnetic resonance; Headgroup
spin label ; Anesthetic
1. Introduction
Both proteins and lipids have been proposed as
important sites of action for general anesthetics in
the central nervous system (CNS). The superfamily
of ligand-gated ion channels, including the Q-amino-
butyric acid A (GABAA), nicotinic acetylcholine
(nACh), and glutamate receptors are key excitable
proteins in the CNS [1], and they have common ami-
no acid sequences in transmural domains [2]. At sur-
gical concentrations, volatile anesthetics potentiate
inhibitory synaptic transmission by e¡ects on the
GABAA receptor [3], while inhibiting neuronal
nACh receptor-mediated excitatory transmission
[4,5]. Of all members of this superfamily, muscle
type nACh receptor from Torpedo electroplaque (fol-
lowing isolation, puri¢cation, and reconstitution) is
the best characterized, and it can be obtained in suf-
¢cient quantity for biophysical studies.
Function of the nACh receptor is dependent on its
membrane lipid environment [6]. Reconstitution
studies support the importance of both bulk and
boundary lipid properties; both a⁄nity-state transi-
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tions (desensitization) and permeability responses to
agonists have been demonstrated to depend on the
lipid species employed [7,8]. From EPR experiments
with reconstituted nACh receptor, it is known that
presence of the protein a¡ects lipid rotational corre-
lation time, and that the relative a⁄nity of spin-la-
beled lipid for the nACh receptor depends on the
speci¢c lipid headgroup identity [9]. Relations be-
tween ion gating function and boundary lipid dy-
namics have been established [10].
One hypothesis for the molecular mechanism of
volatile anesthetics and alcohols at nACh receptors
is that the protein^lipid interface is perturbed by
weak binding of numerous anesthetic or alcohol mol-
ecules to low-a⁄nity noncompetitive blocking sites
[11]. Attempts to address this hypothesis include
EPR experiments demonstrating that general anes-
thetic-induced desensitization of Torpedo nACh re-
ceptor correlates with bulk lipid disordering [12].
However, using 14-PCSL, a spin probe labeled at
the acyl region of phosphatidylcholine, it was shown
that even supraphysiological concentrations of etha-
nol, diethyl ether, and urethane failed to change ei-
ther the number of boundary lipid molecules, or their
rotational correlation times in nACh receptor-rich
membranes, although very high concentrations of
1-hexanol modestly reduced the number of boundary
lipids [13]. In studies with reconstituted nACh recep-
tors, ethanol, 1-hexanol, pentobarbital, and iso£ur-
ane changed neither boundary lipid number nor ro-
tational correlation times [14,15]. However, these
experiments limited their focus to lipid dynamics at
the acyl chain level of the membrane. To date, no
investigation of lipid headgroup dynamics has been
undertaken in the presence of anesthetics.
Therefore, to examine the hypothesis that general
anesthetics a¡ect nACh receptor function by modu-
lating protein^lipid interactions at the level of lipid
headgroups, we chose a spin-label with a nitroxyl
moiety incorporated into the phosphatidylcholine
headgroup (‘HGSL,’ Fig. 1). HGSL is able to re£ect
molecular dynamics at the headgroup level of lipid
bilayers [16]. It was found that ethanol and iso£ur-
ane did not change the rotational correlation time at
the headgroup region of the boundary lipid, while1-
hexanol enhanced the exchange between the bulk
and boundary lipid.




(HGSL) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Bromoacetylcholine bromide
was obtained from Research Biochemical Interna-
tional (Natick, MA, USA). All other chemicals
were procured from Sigma Chemical Co. (St. Louis,
MO, USA) unless otherwise speci¢ed. A⁄Gel-10 was
obtained from Bio-Rad Laboratories (Hercules, CA,
USA). ‘Bu¡er A’ (below) consisted of 100 mM NaCl,
10 mM MOPS, 0.1 mM EDTA, and 0.02% NaN3,
adjusted to pH 7.4 with 10 N NaOH. Iso£urane was
obtained from Ohmeda PPD Inc. (Liberty Corner,
NJ, USA).
2.2. Methods
2.2.1. Preparation of nACh a⁄nity gel
A⁄Gel-10 was derivatized for acetylcholine a⁄n-
ity following the method of Chak and Karlin [17].
Half-life of the a⁄nity site was 5 days at 4‡C in
bu¡er with 0.02% NaN3. The gel was prepared fresh
for each puri¢cation.
2.2.2. Preparation of nACh rich membrane
Frozen electroplaque tissue from freshly dissected
Torpedo nobiliana (BioFish Associates, Georgetown,
MA, USA) was thawed and puri¢ed by a modi¢ca-
tion of Chak and Karlin’s procedure [17]. The entire
procedure was carried out at 4‡C. In brief, 1000 g of
T. nobiliana electroplaque tissue and 6 ml of 0.3 mM
PMSF were added to 1200 ml of phosphate bu¡er (1
mM EDTA, 10 mM sodium phosphate, pH 7.4) and
homogenized in a Osterizer processor (Oster Corp.,
Milwaukee, MN, USA) for 60 s at the ‘liquefy’ set-
ting. The homogenate then was ¢ltered through four
layers of cheesecloth and then centrifuged at
30 000Ug for 90 min. The pellets were rehomogen-
ized in 700 ml of the phosphate bu¡er in the Oster-
izer for 20 s. Homogenates were again ¢ltered and
centrifuged as above, and 90 ml of clear, colorless,
soft pellet was obtained.
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2.2.3. Puri¢cation and reconstitution of nACh
receptor
The pellets from 1000 g of Torpedo were resus-
pended in 600 ml of ‘Bu¡er A’ containing 1% (w/v)
cholate and stirred for 2 h to solubilize the receptor.
The mixture was centrifuged at 256 000Ug for 30
min and the supernatant was collected. Extracts
from 500 g of Torpedo tissue were gently stirred
with 50 ml of bromoacetylcholine-derivatized A⁄-
Gel-10 for 2 h, to adsorb the receptor. The recep-
tor-bound gel was packed in a 5-cm (internal diam-
eter) column. The column then was washed with 200
ml of ‘Bu¡er A’ containing 1% cholate, at the rate of
100 ml/h, after which it was washed at the same rate
with 200 ml of ‘Bu¡er A’ containing 0.043 mM
DOPC and 0.5% cholate. The receptor was eluted
with ‘Bu¡er A’ containing 20 mM carbamylcholine
chloride, 0.043 mM DOPC, and 0.5% cholate. Pro-
tein-rich fractions were collected by measuring the
absorbance at 280 nm, and then dialyzed against
six changes of 6 l of ‘Bu¡er A’ for 12 h. The recon-
stituted protein thus obtained was concentrated by
Centriprep-50 (Amicon Inc., Beverly, MA, USA) to
a few milliliters. To adjust vesicle size, the concen-
trate was put through six cycles of freeze and thaw,
with the freeze phase carried out at the temperature
of liquid nitrogen, and thaw at room temperature.
The reconstituted protein was stored at 370‡C; lipid
to protein ratio (L:P) of the reconstituted receptor
was adjusted by changing the DOPC concentration
in the column eluate.
2.2.4. Protein and lipid analysis of reconstituted nACh
Protein amount was determined by the BCA meth-
od [18] using BSA standard. Lipid amount was de-
termined by inorganic phosphor analysis [19]. The
L:P ratio was calculated assuming a receptor molec-
ular weight of 250 kDa. Polyacrylamide gel electro-
phoresis was performed following the method of
Karlin [20]. Reconstituted protein (50 Wg) was dia-
lyzed against 250 ml of 73 mM SDS, 2 mM EDTA,
10 mM Tris-acetate (pH 8.0) for 2^4 h at room tem-
perature. Protein was precipitated by acetone and
dried in a vacuum. The sample was dissolved in
Lamielli sample bu¡er and held at 50‡C for 0.5^2
h. N-ethylmaleimide was then added to a concentra-
tion of 30 mM, which was held at 50‡C for 15 min.
7.5% of gel containing 37 mM SDS, 2 mM EDTA,
0.1 M Tris-acetate (pH 8.0) was used for separation.
The gel was then stained with Coomassie Blue; pu-
rity was evaluated by gel densitometry.
Fig. 1. Structure of headgroup spin-label (HGSL): 1,2-dioleoyl-sn-glycero-3-phosphotempocholine.
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2.2.5. Preparation of DOPC vesicles
15 mg of DOPC was dissolved in 40 ml of 0.5%
cholate in ‘Bu¡er A’. The DOPC solution was dia-
lyzed six times with 6 l of ‘Bu¡er A’ for 12 h. The
vesicle obtained was concentrated with Centriprep-50
(Amicon, MA, USA) and passed through seven
cycles of freeze-and-thaw (frozen at the temperature
of liquid nitrogen and thawed at room temperature).
Vesicles were stored at 370‡C.
2.2.6. Incorporation of HGSL into reconstituted
nACh receptor and DOPC vesicles
1.5U1038 mol of HGSL in chloroform was dried
down in a stream of nitrogen gas (grade 4.8), and
added to 8U1037 mol lipid-only vesicles or reconsti-
tuted nACh receptor-rich vesicles. The sample was
vortexed for 30 min at room temperature. The
spin-labeled vesicle was sealed in a 3-ml UltraLok
(Nalge, Rochester, NY, USA) centrifuge tube with
‘Bu¡er A,’ containing a de¢ned concentration of
each anesthetic. The vesicles were centrifuged at
200 000Ug for 45 min at 4‡C. The obtained pellet
was resuspended in 30 Wl of ‘Bu¡er A’, both with
and without anesthetics, and transferred to an EPR
capillary tube. Air in the free space of the capillary
was replaced with nitrogen gas. The capillary was
heat-sealed in £ame. The EPR samples were frozen
in liquid nitrogen and thawed at room temperature
seven successive times, then stored at 320‡C.
2.2.7. Preparation and analysis of ‘Bu¡er A’ with
iso£urane
‘Bu¡er A’ was saturated by iso£urane at 4‡C fol-
lowing a previously published method [21]. Iso£ur-
ane bu¡er was diluted to one half the concentration
of the saturated stock solution and used for the pel-
leting procedure described above. Following centri-
fugation, the supernatant was analyzed using a gas
chromatograph (Perkin-Elmer Model 8500).
2.2.8. EPR measurements
Spectra were obtained with a Brucker ER300 EPR
spectrometer equipped with the EPS 1600 data ac-
quisition and processing system (Billerica, MA,
USA). Acquisitions were performed using a TE102
cavity equipped with a variable temperature unit.
Spectra were obtained and recorded 100^196 times
from each reconstituted and pure DOPC vesicle
preparation, then averaged and digitally stored.
Spectral acquisition parameters were: microwave fre-
quency 9.5 GHz and power 1.58 mW; modulation
frequency 100 kHz and modulation amplitude 0.2
mT; and sweep width 12 mT. Microwave power
was chosen to avoid signal saturation. Temperature
was observed by thermocouple at the bottom of the
cavity, and maintained at 278 K by passage of a
stream of dry nitrogen.
2.2.9. Spectral digitization and integration
The magnetic ¢eld axis was digitized to 1024
points, and the spectral amplitude was digitized to
32 bits. Data processing was performed with Brucker
EPS 1600 software from digitally stored spectra. Re-
constituted nACh receptors and the corresponding
di¡erence spectra were double integrated by numer-
ical integration to quantify the boundary lipid frac-
tion. First, a ¢rst-derivative spectrum was integrated
and a tentative absorption spectrum was obtained.
Then the spectrum was linearly baseline-corrected
to obtain the zero-average of baselines in the lower
and higher ¢elds of the absorption spectrum. Itera-
tively, the baseline was corrected so that the ¢rst
integral baseline values averaged zero. After these
baseline corrections, the absorption spectrum was
again integrated to obtain absorption intensity.
2.2.10. Spectral subtraction and boundary fraction
(fb)
Spectra from protein-free HGSL-labeled DOPC
vesicles at 278 K were digitally aligned and sub-
tracted from reconstituted nACh receptor spectra at
278 K, to yield ‘di¡erence’ spectra of the motionally
restricted lipid component. The subtraction coe⁄-
cient for endpoint was determined following the cri-
teria by Jost and Gri⁄th [22]. First, the gross end-
point was determined by cancelling out the second
lower-¢eld peak of the experimental spectrum. After
the tentative subtraction, the di¡erence spectrum was
integrated to detect over-subtraction (over-sub-
tracted spectrum would result in a decreasing base-
line). Iteratively, a subtraction coe⁄cient was care-
fully determined so as not to produce over-
subtraction. Poor signal:noise ratio spectra were
Fourier-transformed and zero-¢lled, then reverse-
transformed to improve apparent signal to noise ra-
tio (Figs. 3C, 5C and 6). Zero-¢lling points were
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carefully selected so as to avoid distortion of the
original spectral line shape. The fb was calculated
as fb = (absorption intensity of the di¡erence spec-
tra)/(absorption intensity of nACh reconstituted
vesicles spectra). The error in determination of the
fractional components is estimated to be þ 0.05 [22].
2.2.11. Rotational correlation times (dc)
For DOPC vesicles, and for vesicles containing
nACh receptors, the rotational correlation time, dc,
was calculated with the assumption that the aniso-
tropy of hyper¢ne interactions are not completely
averaged out, so that:
d c  6:5U10310 vH0h0=h311=231 1
where vH0 is the line width of the central line (in
Gauss), and h0 and h31 are the amplitude of the
center and high-¢eld EPR lines [23].
For di¡erence spectra, dc was calculated from the
hyper¢ne splitting 2 Amax (distance between low-¢eld
peak to high-¢eld dip) assuming a Brownian rota-
tional di¡usion model for isotropic motions as fol-
lows:
d c  a 13Amax=Armaxb 2
where Armax is half of the hyper¢ne splitting of im-
mobilized spin-label, measured from HGSL^DOPC
as 34.9 G at 233 K.2 The values for ‘a’ and ‘b’ are
5.4U10310 s and 31.36, respectively, based on the
simulation of Freed [24].
3. Results
3.1. Characterization of reconstituted nACh receptor
Reconstituted DOPC vesicles containing puri¢ed
acetylcholine receptor were prepared from the elec-
troplaques of T. nobiliana. Typically, 20 mg of nACh
receptor (BCA method) was obtained from 1000 g of
tissue. Higher DOPC concentration in washing and
elute solutions led to decreased yield of nACh recep-
tor. The L:P ratios of the ¢nal reconstituted vesicles
were adjusted by equilibration of the receptor with
controlled concentrations of DOPC in washing and
eluant solutions. The solutions contained 0.143 and
0.0456 mM DOPC reconstituted to L:Ps of 218
(mol:mol) and 124, respectively. The L:P ratio was
con¢rmed from the protein and lipid analyses. Pro-
tein composition of the reconstituted nACh receptor
was analyzed by SDS polyacrylamide gel electropho-
resis. It showed only the four bands corresponding to
the K,L,Q, and N subunits. Integration of densitometer
traces of four bands indicated that 90% of protein on
the gel was nACh receptor; the subunit ratio of
K :L :Q :N was 2:1:1:1.
3.2. Spectra of head spin-labeled DOPC vesicles
DOPC vesicles made by ultrasonication [14,15] did
not yield a regular, reproducible EPR baseline; sig-
nals were dependent on sonication batch. We there-
fore used dialysis to prepare the DOPC vesicle for
HGSL^DOPC spin-label. The baselines of the
HGSL^DOPC spectra were wavy initially, even
though the DOPC ratio was designed to be less
than 2% of DOPC molecule number to avoid spin^
spin interactions. However, following a seven-cycle
freeze-and-thaw process, the spectral baseline became
linear, and independent of both spin-label batch and
vesicle batch. EPR spectra of DOPC labeled with
HGSL at 5‡C are shown in Fig. 2. A single compo-
nent signal from the bulk lipid environment was ob-
served. The e¡ective rotational correlation time was
determined to be 7 ns from line width measurement.
3.3. Spectra of headgroup spin-labeled reconstituted
nACh receptors
The nACh receptor was reconstituted in DOPC
vesicles and labeled with HGSL, a phosphatidylcho-
line spin-label. Typical EPR spectra at 5‡C are
shown in Fig. 2. As in previous reports using an
acyl chain spin-label, the spectra from nAChR recon-
stituted in DOPC showed two motionally distinct
components. The portion of motionally restricted
component increased with decreasing L:P ratio in
the reconstituted vesicles. Therefore, this motionally
restricted component is assigned to HGSL associated
2 Apparent hyper¢ne coupling constant, Amax, from HGSL^
DOPC in the temperature range from 233 to 293 K were mea-
sured and evaluated. Amax decreased rapidly above 250 K,
showed slight temperature dependence below it. Thus, 34.9 G
at 233 K was taken as rigid limit of molecular motion of head-
group spin label in DOPC vesicles.
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with the nACh receptor (boundary lipid). The other
environment is more mobile, and characteristic of
lipids not associated with the receptor (bulk lipid).
The mobile component showed an e¡ective correla-
tion time of 7 ns (Table 1), corresponding to that of
pure DOPC vesicle bilayers.
3.4. Deconvolution of spectra from reconstituted
nACh receptors
The line-shape of pure DOPC vesicles was
matched to the mobile component of nAChR in
DOPC at 5‡C for subtractions. Fig. 3 shows the
spectrum of nAChR reconstituted into DOPC with
124 lipids per receptor (A), the spectrum of pure
DOPC vesicles (B) at 5‡C, and the di¡erence spec-
trum (C), which represents the motionally restricted
component. A small, low-¢eld, second peak in the
di¡erence spectrum originated from residual mis-
matching during subtraction; however, this did not
contribute signi¢cantly to integrated signal inten-
sity.
The di¡erence spectrum (Fig. 3C) showed hyper-
¢ne splitting, 2Amax, as 63.2 G. The spectral line-
shape resembled that of pure DOPC vesicles at low
temperature. The rotational correlation time of the
motionally restricted component was estimated to be
13 ns; that of the mobile component was 7 ns, co-
inciding with that obtained from pure DOPC vesicles
(Table 1).
Double integration of spectrum A and C indicated
that the fb was 0.31. The number of boundary lipids
adjacent to nACh receptor was estimated to be 43 by
the method of Brotherus [25], assuming that the af-
¢nity of HGSL for nACh receptors was not signi¢-
cantly di¡erent from 1.0.
Fig. 2. EPR spectra of HGSL in DOPC vesicle (lipid), and re-
constituted nAChR^DOPC (L:P = 124) at 278 K. Spectral
change is shown as a function of L:P ratio. Spectra were nor-
malized to the same central peak height.
Table 1
E¡ect of anesthetics on calculated correlation times (dc) for headgroup spin-labeled nACh receptor reconstituted into DOPC at 278 K
[DOPC]:[nAChR] (mol:mol) Anesthetics [ethanol] (mM) dc (ns) fb dbc (ns)
124 0 7 0.31 13
138 ethanol 190 8 0.40 13
138 ethanol 380 8 0.34 12
147 iso£urane 8.2 7 0.30 13
147 1-hexanol 8 6 0.38 9
147 1-hexanol 16 6 0.36 ^
lipid 0 5 ^ ^
lipid ethanol 95 7 ^ ^
lipid ethanol 190 6 ^ ^
lipid ethanol 285 6 ^ ^
lipid ethanol 380 6 ^ ^
lipid iso£urane 8.2 7 ^ ^
lipid 1-hexanol 8 6 ^ ^
lipid 1-hexanol 16 5 ^ ^
fb and correlation times (dbc ) of motionally restricted labels at lipid^protein interface at 278 K.
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3.5. E¡ect of ethanol, 1-hexanol and iso£urane on
DOPC vesicles
EPR spectra of HGSL in pure DOPC vesicles in
the presence of supraphysiological concentrations of
ethanol or iso£urane showed no signi¢cant di¡erence
in line-shape. The rotational correlation time of
HGSL in DOPC proved to be 6^7 ns in the presence
of ethanol (95^380 mM) and 7 ns in the presence of
iso£urane (8.2 mM) (Table 1).
In the presence of 8^16 mM of 1-hexanol, EPR
spectra of HGSL in pure DOPC vesicles were nar-
rowed at 5‡C, as previously reported [14]. Hexanol
increased DOPC mobility and enhanced the ex-
change rate between spin-labeled lipids; the rotation-
al correlation times of HGSL in pure DOPC in the
presence of 8 and 16 mM of 1-hexanol at 5‡C, were 6
and 5 ns, respectively.
3.6. E¡ect of ethanol on reconstituted nAChRs
Fig. 4 shows the EPR spectra of HGSL in recon-
stituted nACh receptor-rich vesicles in the presence
Fig. 3. EPR spectra of HGSL in nAChR reconstituted in DOPC (L:P = 124) (A); DOPC vesicle (B); and their di¡erence spectrum
(C), the motionally restricted, or protein-associated component at 278 K. The relative proportion of spectral heights was preserved.
Spectrum C was smoothed after subtraction by the zero-¢lling method.
Fig. 4. E¡ect of increasing concentrations of ethanol on
nAChR reconstituted in DOPC, spin-labeled with HGSL at 278
K (L:P = 138). Spectra were normalized to the same central
peak height.
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of ethanol at 5‡C. The spectra from nAChR^DOPC
vesicles showed two motionally distinct lipid environ-
ments over the range 0^380 mM, with minimal ef-
fects on spectral line-shapes.
Over the same range of ethanol, subtractions pro-
duced undistorted di¡erence spectra, meaning that
the separation of the two spin systems was complete,
and any exchange e¡ects were minimal. In the pres-
ence of 380 mM of ethanol, Fig. 5 shows the spec-
trum of nAChR reconstituted into DOPC with 138
lipids per receptor (A); and the spectrum of pure
DOPC vesicles (B) at 5‡C. The mobile component
of the spectra showed the same e¡ective correlation
time of 8 ns.
Fig. 6 shows the di¡erence spectrum (C), which
represents the motionally restricted components at
190 and 380 mM of ethanol. The rotational correla-
tion times of the motionally restricted components
were estimated to be 13 and 12 ns, respectively, while
that of the mobile component was estimated to be
8 ns. At concentrations of 190 and 380 mM, the
restricted component showed no change in hyper¢ne
splitting (63.2 and 63.7 G, respectively), or in the
fraction of the protein-associated spectral component
(0.40 and 0.34, respectively), within experimental er-
ror (Table 1).
3.7. E¡ect of iso£urane on reconstituted nAChR
vesicles
The spectra from reconstituted nAChR^DOPC
vesicles in the presence of iso£urane at 5‡C showed
two motionally distinct lipid environments; a con-
centration of 8.2 mM iso£urane caused minimal ef-
fect on spectral line-shapes. The restricted compo-
nent showed no change in hyper¢ne splitting (63.0
G), rotational correlation time (13 ns), or the frac-
tion of protein-associated component (0.30), within
experimental error (Table 1).
3.8. E¡ect of 1-hexanol on reconstituted nAChR
vesicles
Fig. 7 shows the EPR spectra of HGSL in recon-
stituted nACh receptors, in the presence of 8 mM
and 16 mM of 1-hexanol at 5‡C. Spectral line-shape
changed; hexanol decreased the spectral ‘shoulder’ of
the motionally restricted component.
Fig. 5. EPR spectra of HGSL in nAChR reconstituted in DOPC (L:P = 138) with 380 mM of ethanol (A); DOPC vesicle (B) with
380 mM of ethanol; and their di¡erence spectrum (C), the motionally restricted, or protein-associated component with 380 mM of
ethanol at 278 K. The relative proportion of spectral heights was preserved. Spectrum C was smoothed after subtraction by the zero-
¢lling method.
BBAMEM 77944 4-12-00
T. Seto, L.L. Firestone / Biochimica et Biophysica Acta 1509 (2000) 111^122118
Spectral subtraction of DOPC vesicles labeled with
HGSL from those from nAChR^DOPC produced a
clear, protein-associated, motionally restricted com-
ponent (Fig. 8). The rotational correlation time of
this motionally restricted component was estimated
to be 9 ns; that of mobile component, 6 ns. The
restricted component at the concentrations of 8 mM
of 1-hexanol showed hyper¢ne splitting of 60.8 G,
and the fraction of protein-associated component
was 0.38 (Table 1).
4. Discussion
HGSL has relatively low a⁄nity for the nACh
receptor, similar to that of phosphatidylcholine [9].
Nonetheless, with HGSL, as well as with 14-PCSL,
small perturbations of protein^lipid interactions can
be detected with high sensitivity [14]. It is thought
that there is no signi¢cant di¡erence in receptor af-
¢nity between HGSL and DOPC, as DOPC has the
phosphatidylcholine structure. Thus, molecular dy-
namics of bulk and boundary DOPC can be probed
by HGSL, and anesthetic e¡ects on HGSL dynamics
can be faithfully re£ected.
Di¡ering from the more typically used spin-labels
containing nitroxyl moieties in the acyl region of
phospholipid, HGSL nonetheless partitions to the
interfacial region of the lipid bilayer. From molecu-
lar dynamics simulations of lipid bilayers [26], water
molecules exist in abundance at the lipid headgroup
region. Recently, interactions between lipid bilayers
and anesthetics, investigated by T2 relaxation time of
anesthetics themselves, show that anesthetics are
preferentially distributed in this amphiphilic layer
of the bilayer, at which site, anesthetics are also read-
ily accessible to the bulk water phase [27]. Thus the
use of HGSL allows direct observation of the molec-
ular dynamics of this interfacial zone.
In DOPC, nACh receptors are limited to transi-
tions between resting and desensitized states [7,14].
Thus lipid headgroup contacts seems to limit the
functional states of the receptor. HGSL thus pro-
vides a method to investigate whether or not anes-
thetic e¡ects occur at this crucial protein^lipid inter-
face.
Two component spectra were observed in DOPC
Fig. 6. Spectra of the protein-associated component of HGSL
in DOPC exposed to increasing concentrations of ethanol at
278 K (L:P = 138). Spectra obtained were by subtraction of
DOPC vesicle from reconstituted nACh receptor. Spectra were
normalized to the same central peak height. Spectra were
smoothed after subtraction by the zero-¢lling method.
Fig. 7. E¡ect of increasing concentrations of 1-hexanol on
nAChR reconstituted in DOPC spin-labeled with HGSL at 278
K (L:P = 138). Spectra were normalized to the same central
peak height.
BBAMEM 77944 4-12-00
T. Seto, L.L. Firestone / Biochimica et Biophysica Acta 1509 (2000) 111^122 119
vesicles of reconstituted nACh receptor containing
trace HGSL. As the ratio of protein to lipid in-
creases, the motionally restricted portion increases;
these two components can be attributed to HGSL in
bulk DOPC, and in boundary DOPC adjacent to the
membrane-bound nACh receptor [9,14]. The number
of nAChR boundary lipids has been reported to be
46; 56 þ 2 using 14-PCSL [9,14], and been calculated
to be 43 based on the nACh receptor’s dimensions
[9]. These values are not signi¢cantly di¡erent from
ours (43), particularly when considering the approx-
imations inherent in spectral subtraction, and inte-
gration. As for lipid dynamics, rotational mobility
of protein-associated 14-PCSL (9.4^11 ns) has been
reported to be 40% slower than that of bulk DOPC
in bilayers [14]. In the present experiment, rotational
mobility of HGSL in boundary lipid (13 ns) was 55%
slower than that of bulk DOPC.
With HGSL, spectral separation of the two com-
ponents is somewhat less well de¢ned than that with
14-PCSL. The exchange rate calculated from hyper-
¢ne splittings of the two spectral components ob-
tained with HGSL is less than 7.4U107 s31 at 5‡C.
This would correspond to a rate some 30% higher
than that obtained with 14-PCSL at 0‡C (5.6U107 s
[14]). While this may accurately re£ect faster di¡u-
sion in the place of the bilayer at the headgroup
level, uncertainty with spectral subtraction could
also account for this di¡erence.
We found that the rotational correlation time de-
rived from the hyper¢ne splitting of the protein-as-
sociated component was 13 ns at 5‡C. Adbaji et al.
reported this rotational correlation time to be 10 ns
at 0‡C at the 14-acyl position [14]. Thus the rota-
tional correlation time of the headgroup is compara-
ble to that measured at the 14-acyl position. This
implies that motionally restricting interactions at
the headgroup are roughly equivalent to those expe-
rienced in the acyl region. Similarly, the number of
boundary lipids at the headgroup is not di¡erent
from that at the acyl region. This ¢nding is consis-
tent with Raines and Miller’s conclusion that electro-
static interactions do not account for the selectivity
of the negatively charged phospholipid [10].
Our results indicate that ethanol and iso£urane do
not alter the rotational dynamics of lipid at the head-
group level. Iso£urane (2 mM) is reported to be dis-
tributed to the amphiphilic interface of the lipid bi-
layer [27]. 1-hexanol increases rotational mobility in
this same zone and increases lipid disorder in a con-
centration-dependent manner. But since the ED50 of
1-hexanol is 0.7 mM [28], the concentration used in
this and previous reports corresponds to supraphy-
siological concentrations; rotational dynamics of the
headgroup only begin to increase at these toxicolog-
ical concentrations. Overall, headgroup dynamics are
insensitive to therapeutic levels of anesthetics.
An anesthetic e¡ect on boundary lipid was ob-
served from 14-PCSL in DOPC-reconstituted nACh
receptor [14,15]. It was concluded that 1-hexanol (16
mM), iso£urane (7 mM) or ethanol (1.6 M) altered
neither the rotational dynamics nor the fractions of
boundary lipid. Similarly, with HGSL, rotational
mobility, and the number of boundary lipids, were
not altered by ethanol and iso£urane. In this study,
8 mM 1-hexanol slightly increased boundary lipid
mobility, but we can safely conclude that therapeutic
levels of anesthetics do not change rotational dynam-
ics of boundary lipid.
Using nACh receptor-rich native membranes,
Fig. 8. EPR spectra of HGSL in nAChR reconstituted in
DOPC (L:P = 138) with 8 mM of 1-hexanol (A); DOPC vesicle
(B) with 8 mM of 1-hexanol; and their di¡erence spectrum (C),
the motionally restricted, or protein-associated component with
8 mM of 1-hexanol at 278 K. The relative proportion of spec-
tral heights was preserved. Spectrum C was not smoothed in
any part.
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Fraser et al. [13] concluded that boundary lipid dy-
namics (probed by 14-SASL and 14-PGSL) were un-
altered by 6 mM of 1-hexanol. However, with 14-
PCSL, hexanol decreased the number of boundary
lipids in a concentration-dependent manner, and ac-
celerated exchange between bulk and boundary lip-
ids. Similarly, with 14-PCSL, urethane, diethyl ether,
and ethanol decreased the fb. In our study, HGSL
was chosen, since it has the same phosphatidylcho-
line structure with DOPC which presumably has the
same a⁄nity to nACh receptors.
Under the conditions of this study, DOPC-recon-
stituted nACh receptors could transition from the
resting to the desensitized state. The anesthetics we
used are able to desensitize receptors. Therefore, our
observations were made on a receptor whose state
should correspond to desensitized. Hidemann et al.
hypothesized that about 60 molecules of noncompe-
titive blocker occupied the interface of the receptor,
and induced desensitization [11]. Yet, although we
used anesthetics in high enough concentrations to
desensitize receptors and disorder bulk DOPC’s,
they did not alter the rotational dynamics of bound-
ary lipids or the lipid number binding to the recep-
tor.
Even in the context of our ¢ndings, it is still pos-
sible that lipid membranes contribute to anesthetic
actions at receptors. For example, an investigation
of X-ray structure and function of membrane protein
with the volatile anesthetic analogue, bacteriorho-
dopsin with diiodomethane, demonstrated that diio-
domethane binds to the interfacial sites between pro-
tein and lipid and reduces the longevity of M-
intermediate in £ash photolysis [29]. As a further
example, sodium channels were reconstituted into
membranes in which lipid composition was systemi-
cally altered by the addition of cholesterol. Suppres-
sion of sodium channels by pentobarbital was inhib-
ited by cholesterol, and lipid composition modulated
the sodium channel function [30]. Results in this
study were limited to discussion of EPR measure-
ment of the rotational correlation time of the lipid
molecule. It cannot be generalized nor concluded
that anesthetics did not change protein^lipid interac-
tions. A recent estimation of the exchange rate be-
tween iso£urane binding sites on the nACh receptor
and on the membrane [31] demonstrated that the
membrane has an important role in iso£urane’s in-
teraction with nACh receptor.
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